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A B S T R A C T
In this paper, two kinds of PPS/GF composite samples (PPS-0°, PPS-90°) were prepared with two diﬀerent ﬁber
main orientations related to the injection direction. A wide range of their properties were discussed. Using DMTA
analysis, it was shown that the PPS/GF composite under study obeyed the time-temperature equivalence prin-
ciple. Moreover, Perez model was veriﬁed and gave a good estimation of the viscoelastic properties of the PPS/
GF. Monotonic and fatigue behaviors and fatigue life of PPS/GF were investigated. Fiber's orientation, applied
amplitude and loading frequency eﬀects were emphasized. Self-heating eﬀect on fatigue strength was also
analyzed. SEM fracture surface observations allowed analyzing, at the local scale, the main deformation me-
chanisms occurring during mechanical loading. No evident damage development was observed for both
monotonic and fatigue loading. PPS matrix plasticity appeared to be the predominant deformation mechanism
until a semi-ductile or semi-brittle ﬁnal failure depending on the loading conditions and local microstructure.
1. Introduction
Thermosetting resin-based composite materials have been ex-
tensively used over the past 40 years [1–4]. They provide us a wide
range of useful mechanical properties, together with undeniable
drawbacks, such as the need of low temperature storage, hand-made
draping, irreversible defects of the manufacturing process and also
diﬃcult recycling. In the modern society, high-performance thermo-
plastic resins oﬀer a promising alternative to thermosetting resins. In-
deed, thermoplastic resins oﬀer many advantages over conventional
thermosetting resins and they also exhibit a high performance such as
chemical resistance, as well as excellent damage and impact properties
[5–8]. PolyPhenylene Sulﬁde (PPS) is a semi-crystalline polymer with
an ordered alternating arrangement of phenylene and sulﬁde atoms. It
is widely used as a high performance engineering polymer with a un-
ique combination of excellent physical, thermal, and mechanical
properties. It is applied in a wide range including electronics and
electrical appliances, automotive parts, precision instruments, chemical
sectors and aerospace ﬁelds [9–12]. Moreover, Poly-Phenylene Sulﬁde
(PPS), as a high performance thermoplastic, is an attractive engineering
thermoplastic which is widely used due to its good tribological prop-
erties, ﬂame retardant and resistant to chemical and thermal abilities,
as well as having good processing properties [13–19]. To improve the
mechanical properties of pure PPS, composites formed using polymer
blending, ﬁber reinforcing and/or ﬁllers are usually used in industry
[20–23]. It is well known that, the properties of ﬁber reinforced com-
posites depend on several factors such as the characteristics of its matrix
and ﬁbers, form and volume fraction of ﬁbers, chemical and physical
interaction between ﬁber and polymer, and processing conditions.
Especially the main factor is the compatibility between ﬁbers and the
matrix [24]. Good interfacial adhesion between ﬁber and matrix is
necessary for obtaining composite with excellent mechanical proper-
ties. Recently, many researches were focused on ﬁber reinforced PPS
composites. Ana et al. [25] studied novel carbon ﬁber (CF)-reinforced
poly (phenylene sulﬁde) PPS laminates incorporating inorganic full-
erene-like tungsten (IF-WS2) using melting-blending and hot-press
processing. They found that those nanoparticles showed great potential
to improve the mechanical and tribological properties of conventional
thermoplastic/CF composites for structural applications. Liu et al. [26]
explored the interfacial micromechanical performance of carbon ﬁber
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(CF) reinforced polyphenylene sulﬁde (PPS) composites by micro-bond
test and concluded the interfacial shear strength increased with in-
creasing ﬁber embedded length below 0.02mm/s and above 0.04mm/
s. Vieille et al. [27] investigated the inﬂuence of temperature on me-
chanical properties and behaviors of carbon ﬁber fabric reinforced
polyphenylene sulﬁde (PPS) laminates subjected to diﬀerent loadings
and they exhibited that a temperature up to the glass transition tem-
perature (Tg) softens the matrix behavior and reduces mechanical
properties (in-plane shear, compressive, ﬂexural and interlaminar
shear).
On the other hand, as a good composite candidate in mechanical
properties, we pay much attention to the aspect of fatigue behavior of
PPS. Especially it is very important to understand the damage me-
chanism and relative self-heating phenomenon of PPS under fatigue
loading since these researches can give us a great help in industrial
utilization. In this aspect, there are a wide range of published re-
searches before. Lou et al. [28] studied environmental eﬀects on glass
reinforced PPS composites. They clariﬁed that the loss in properties was
caused mainly by the degradation of the ﬁber-matrix interface. Good
fatigue property retentions were observed after the samples were ex-
posed to both hot air and water. Mandell et al. [29] researched fatigue
behavior of glass and carbon ﬁber reinforced engineering thermo-
plastics PPS. The tensile-tensile S-N fatigue curves showed that PPS
reinforced with 40% glass ﬁber degraded more rapidly than that for PPS
reinforced with 40% carbon ﬁbers.
In this paper, two kinds of PPS/GF samples were prepared (PPS-0°,
PPS-90°). Here, PPS-0° corresponds to ﬁbers oriented in the mold ﬂow
direction while PPS-90° derives from the samples with ﬁbers oriented
perpendicularly to it. The main structure for this paper is as follows:
ﬁrstly, microstructure is characterized by SEM. Therefore, a wide range
of tests are applied to exhibit the physico-chemical properties of PPS/
GF composite material. Finally, the most important attention is given to
the discussion concerning some aspects of fatigue behavior of PPS/GF
composite and the eﬀects of some parameters (e.g. ﬁber orientation,
frequency and amplitude).
2. Materials and characterization methods
2.1. Materials
PPS/GF composite materials with 30% (weight content) short glass
ﬁbers are kindly supplied by Valeo Company France in the form of
injected plate. The material presents a density of 1.58 g/cm3 and water
absorption of about 0.02%.
2.2. Characterization methods
2.2.1. Microscopic observations
Microscopic observations and image analysis, using Scanning
Electronic Microscope (HITACHI 4800 SEM), were used in the aim to
investigate qualitatively the material microstructure and especially ﬁ-
bers orientation.
2.2.2. Diﬀerential scanning calorimetry (DSC)
The diﬀerential scanning calorimetry (DSC) measurements were
carried out with the DSC Q 10 V 9.0 Build 275 (TA Instruments,
Guyancourt, France). The samples of mass between 10 and 20mg were
placed in hermetic aluminum capsules. The sample was heated ﬁrst up
to 300 °C with a temperature rate of 5 °C/min in the atmosphere of
Nitrogen (40ml/min), in order to eliminate the eﬀect of the thermal
history of the material. It was cooled down to 0 °C in order to be re-
heated up to 300 °C with the same temperature rate. In this test, the
melting point, Tm and the crystallization temperature, Tc of the sample
have been measured.
2.2.3. Dynamic thermo-mechanical analysis (DMTA)
Thermo-mechanical (DMTA) tests have been performed on PPS/GF
composite samples using DMA Q 800 instrument, from TA Company, in
order to measure the main transitions temperatures and to characterize
the viscoelastic behavior of the polymer. The tests have been realized at
following condition: alternating bending conﬁguration; temperature
range 25 °C–250 °C; frequency from 0.1 Hz to 50 Hz; temperature rate
2 °C/min. The sample has a rectangular shape with 35× 12×3mm3
dimensions.
2.2.4. Thermal gravimetric analysis (TGA)
Thermal mass change of PPS/GF samples was followed using TGA
Q500, the temperature program is from room temperature to 800 °C
with 10 °C/min in the nitrogen atmosphere (40ml/min). The original
sample mass is 12.32mg, which is put in the Al2O3 crucible (85 μL).
This test may give an idea about the thermal stability of the polymer.
2.3. Tensile and fatigue devices
Tensile properties were measured with an INSTRON 5966 machine
at room temperature. Dog bone shape samples (see Fig. 1) were used.
The displacement rate was 0.5 mm/min. The load cell capacity was of
10 kN.
Tension-tension fatigue tests were performed at diﬀerent applied
maximum stresses on MTS 830 hydraulic fatigue machine. The
minimum applied stress is always chosen to be equal to 10% of the
maximum applied stress (R=0.1). In this paper, the results of experi-
ments performed at two frequencies 10 Hz and 50 Hz are presented. In
order to measure precisely the stiﬀness reduction due to the ﬁrst
loading stage (initial damage), each fatigue test is preceded by a quasi-
static tensile loading-unloading-reloading stage.
During cyclic loading, the rising temperature (due to self-heating)
has been measured on the surface of the specimens using an infrared
camera (Raynger-MX4). The damage eﬀect has been evaluated through
the measurement of the Young's modulus evolution. In this work, the
experimental fatigue tests have been performed on the sample with the
geometry as shown in Fig. 1. Fatigue experiments have been achieved
at diﬀerent load directions, amplitudes and frequencies.
3. Results and discussion
3.1. Characterization of microstructure
Fig. 2(a) is an optical microscopy photo after composite pyrolysis.
Image analysis reveals short glass ﬁbers with a diameter of about 15 μm
and the length ranging from 70 to 360 μm with an average length of
about 200 μm. This important dispersion of the length of the ﬁbers can
be explained by the fact that a large number of the ﬁbers are broken
during extrusion and injection by the metal screws. Fig. 2(b) show a
typical microstructure of the PPS/GF composite obtained by SEM ob-
servation. One can notice that a large number of ﬁbers are oriented in
the mold ﬂow direction.
PPS/GF
L1 (mm) 22
L2 (mm) 20
L3 (mm) 10
R (mm) 6
D (mm) 3
Fig. 1. Used specimen dimension of PPS/GF composite.
3.2. Physicochemical characterization
3.2.1. DSC analysis
Fig. 3 shows the heat-cooling curves of PPS/GF after two cycles.
According to the results, it is notable that the second heat-cooling cycle
follows the ﬁrst one in the same way and two cycles show almost the
same melting point (Tm) and crystallization temperature (Tc). This re-
versible eﬀect means that PPS/GF composite material is thermally
stable and even heating up to 300 °C, its characteristics don't change.
The results show that for PPS/GF composite material, Tm is about
283 °C and Tc is about 244 °C.
3.2.2. TGA characterization
The TGA curve of PPS/GF is shown in Fig. 4. The results show that
the PPS/GF has no obvious weight loss before 370 °C. From this tem-
perature until to 500 °C, the sample losses almost 10% of its initial
weight. Then, the kinetic of weight loss changes indicates another
mechanism. At the end of TGA test, all matrixes will be pyrolized and
only the mineral glass ﬁbers will remain in the system (almost 60%). In
view of these TGA results, one can conclude that PPS/GF owns good
thermal stability.
3.3. Thermo-mechanical properties
3.3.1. DMTA measurement
DMTA test is especially performed to study the thermomechanical
behavior of the polymer and to determine the diverse transitions and
change of physical state of polymers. In this work, DMTA tests have
been performed according to alternating bending conﬁguration, with
the frequency of 1 Hz. The result of DMTA test is shown in Fig. 5. All
three curves (E′, E″ and tanδ) show three physical state regions: glassy
state, glass transition zone (called also α-transition) and rubbery state.
From this result, it can be seen that PPS/GF exhibits a glassy state up to
80 °C. In this region the change of E′, E″ and tanδ is not signiﬁcant. In
glassy state, E′ is relatively high (> 3700MPa). The second zone (be-
tween 80 °C and 160 °C) is α-transition zone. It corresponds to glass
Fig. 2. (a) Optical microscopy photo after pyrolysis and (b) typical SEM PPS/GF microstructure.
Fig. 3. DSC results performed on PPS/GF with two heating (a) and cooling (b) cycles.
Fig. 4. TGA curve of PPS/GF. Fig. 5. DMTA test performed on PPS/GF.
transition phenomenon. In this zone, E′ decreases drastically from
3700MPa to a value lower than 800MPa. E″ increases ﬁrst and then
decreases; showing a pic at 107 °C (α-transition temperature). This
value may be considered as glass transition temperature of the polymer.
tanδ (E’’/E′) shows the same tendency as E’’. The rubbery state of PPS/
GF, is then in the zone of temperature higher than 160 °C. As it can be
seen the value of E′ in this state is low (< 800MPa) and the sample is
relatively soft.
3.3.2. WLF equation
To explore the eﬀect of temperature on viscoelastic properties of
PPS/GF, multi-frequencies DMA test was conducted on PPS-90° speci-
mens in ﬂexural bending mode and the results are shown in Fig. 6. One
can note that when increasing frequency, the α-transition temperature,
Tα (related to Tg) has an increasing trend to high temperatures. This
evolution may be followed by WLF equation [30]:
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By linear regression method, WLF equation has been transformed to
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. A ﬁtted curve to a linear function
with a correction coeﬃcient (R2= 0.9964) is shown in Fig. 7. The value
of C1, C2, fg and Δα are shown in Table 1. This means that PPS/GF
composite under this study obeys the time-temperature equivalence
principle.
3.3.3. Cole-Cole diagram
The viscoelastic behavior of PPS/GF composite may be shown by
Perez model [31,32] using Cole-Cole method. The Cole-Cole diagram
presents the variation of G’’ (loss modulus) versus G’ (storage modulus),
obtained from the DMTA test on PPS-90° samples of PPS/GF (Fig. 8).
The Perez model gives an expression of the complex Young modulus
G* as a function of frequency and relaxation time:
= ′ + ′ = +
−
+ +
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′
G G i G G G G
Q i ω τ i ω τ1 ( ) ( )k k0
0
(3)
where ω, the angular frequency, is equal to 2πf, G and G are respec-
tively the relaxed (rubbery state) and unrelaxed modulus (glassy state)
and τ is the relaxation time. k, k’ and Q are the parameters of the model.
Experimental (the points) and Perez model (continuous curve) Cole-
Cole diagrams are shown in Fig. 8. This ﬁgure shows that with the
identiﬁed values of the Perez model parameters shown in Table 2, the
experimental Cole-Cole diagram is highly consistent with the chosen
model. So, Perez model predict accurately the thermo-mechanical
properties of PPS/GF.
3.4. Mechanical properties
3.4.1. Tensile behavior
The results of the stress-strain tensile tests on PPS-0° and PPS-90°
specimens at the room temperature are shown in Fig. 9 and the main
characteristics are registered in Table 3. As it can be seen, the value of
Young's modulus of PPS-0° is about 6000MPa, which is higher than that
for PPS-90° (4300MPa). Moreover, because of the ﬁbers orientation,
PPS-0° specimens have higher failure stress (104MPa) than that of PPS-
Fig. 6. Eﬀect of frequency on loss modulus spectrum of PPS/GF compositein the range of
0.1 Hz–50Hz.
Fig. 7. Linear regression of WLF equation.
Table 1
The values of WLF constants.
Composite C1 C2 fg Δα
PP/GF - 90° 17.0 66.4 2.56× 10−2 3.85× 10−4
Fig. 8. Cole-Cole experimental diagram (the points) and Perez model (continuous curve).
Table 2
The value of the Perez model constants.
G 0 (MPa) G∞(MPa) k k' Q τ (s)
700 4130 0.22 0.16 0.5 0.6
90° (84MPa).
The results of tensile tests indicate that the reinforcement eﬀect of
the ﬁbers remains relatively limited. This may be attributed to the small
length of the ﬁbers as shown before.
Moreover, the fracture surfaces after tensile failure, observed by
SEM (see Fig. 10) allow the following comments:
• The ﬁbers with a diameter 10–15 μm, mostly oriented in the mold
ﬂow direction during injection, are pulled out during the last stage
of the failure (see Fig. 10 (a; c)).
• It is obvious to conclude a very good adhesion between matrix and
ﬁbers, probably due to the presence of a coupling agent. Indeed,
ﬁber pull-out is not consecutive to ﬁber-matrix interface failure but
rather to micro-cracking of the matrix surrounding the interfaces.
Hence, all the ﬁbers remain coated by a thin layer of PPS matrix
after pull-out.
• Two kinds of broken zones can be distinguished: The ﬁrst one cor-
responds to brittle failure of the matrix which mostly occurs locally
between longitudinal ﬁbers (see the dotted circles in Fig. 10(a)). The
second one shows local semi-ductile failure of the matrix around and
between the ﬁbers (see Fig. 10(b) and (c)). This phenomenon seems
to be favored when the ﬁbers are miss-oriented versus tensile axis.
In order to quantify the possibility of plastic deformation and da-
mage development, loading-unloading tensile test with progressive in-
crease of the maximum stress have been performed (to be shown in a
further publication). It was shown that the non-linear behavior of the
PPS/GF composite is essentially due to plasticity (no signiﬁcant loss of
stiﬀness was observed). Therefore, together with the above SEM ob-
servations, one can conclude that, under monotonic loading, the pre-
dominant non-linear deformation mechanism is the local plasticity of
PPS matrix. Indeed, because of an excellent adhesion between ﬁber and
matrix, no progressive damage due to ﬁber-matrix interface de-bonding
occurs as it is classically observed in reinforced thermoplastics [34,35].
Moreover, at room temperature, PPS is far from the transitions α and β,
which implies semi-brittle or semi-ductile behavior depending on the
local state of stress. This local plasticity is also limited because of the
presence of ﬁbers. Finally, stress concentrations around the ﬁbers lead
to matrix cracking near the interfaces and to semi-ductile failure or
semi-brittle failure between ﬁbers depending on the local micro-
structure conﬁguration. The ﬁnal failure occurs after the coalescence of
micro-cracks and pull-out of matrix-coated ﬁbers.
Fig. 9. PPS/GF typical tensile curves.
Table 3
Results of pure PPS, PPS-90° and PPS-0° samples obtained from tensile tests Standard
deviation given by 5 repeated tests in each case.
E(MPa) σr(MPa) εr(%)
Pure PPS [33] 3697 82 2.7
PPS-90° 4300 ± 41 84 ± 4.3 3 ± 0.14
PPS-0° 6000 ± 45 104 ± 4.4 2.85 ± 0.24
Fig. 10. SEM micrograph of PPS/GF composite fracture surface after tensile test. (a) Local brittle failure of the matrix between longitudinal ﬁbers (PPS-0°); (b) and (c) local semi-ductile
failure around the ﬁber (PPS-90°).
3.4.2. Fatigue behavior
3.4.2.1. Wöhler curves. Fig. 11 shows the Wöhler curves obtained in
tension-tension tests at a frequency of 10 Hz for PPS-0° and PPS-90°
specimens at room temperature.
From this ﬁgure one can have the following comments:
- For PPS-0°, and PPS-90° samples, the Wöhler curves don't show a
clear asymptotic value representative of an endurance limit, σend. In
contrast to metal materials, this is often observed in the case of
thermoplastic composites [36].
- It is obvious that, for PPS-0°, their ﬁbers' orientation shows more
resistance against fatigue loading than that for PPS-90°. For ex-
ample, under 60MPa stress amplitude, PPS-90° is broken after
1× 105 fatigue cycles. While for the same amplitude, PPS-0°, failure
is observed after more than 1×106.
- For both two conﬁgurations, the Wöhler curves show two diﬀerent
domains; high and low stress amplitude. In each domain, SN curve
can be modeled by a logarithmic linear expression:
σmax = A. Log N + B
In this equation, A and B are the material parameters corresponding
to the slope of the curve and the Y intercept, respectively. The slope A
means the sensitivity of the fatigue resistance and the intercept B re-
presents the apparent tensile strength.
Table 4 shows the value of A and B for PPS-0° and PPS-90° related to
high and low stress domains.
3.4.2.2. Eﬀect of frequency. 10 Hz and 50 HzWöhler curves obtained
from fatigue test on PPS-0° specimens are shown in Fig. 12. As it can be
seen, there is no evident diﬀerence between the two curves for the
higher applied stresses (above 70MPa). However, when the applied
loading decreases, one can see obviously that samples submitted to
higher frequency tends to have lower cycles to failure. As generally
observed, with the improvement of frequency, the fatigue curve tends
to shift to lower fatigue life. But in the case of PPS/GF it concerns only
the lower range of amplitude. This will be further discussed.
3.4.2.3. Self-heating phenomenon. In order to emphasize the eﬀect of
amplitude and frequency, it is generally appropriate to study the self-
heating phenomenon under various fatigue conditions. Indeed, during
the tensile-tensile fatigue test, the temperature of specimens increases.
The intensity of self-heating is generally dependent on the applied stress
amplitude and frequency. Figures (13 and 14) show the eﬀect of these
two parameters respectively. As shown in Fig. 13 (a), the temperature
growth for PPS-90° samples is plotted versus the increasing cycle
number. As expected, one can observe that self-heating is more
pronounced for high values of the applied stress amplitudes.
However, the maximum temperature reaches above 32 °C when
applying high amplitude (85MPa) while this value does not exceed
27 °C for amplitude of 65MPa. Comparatively, for PPS-0° specimens
(Fig. 13 (b)), the temperature increases at the beginning while after
4000 cycles, the temperature tends to decrease due to heat exchange
with the external atmosphere. However, one can notice that the
maximum temperature of self-heating also corresponds to the
maximum applied amplitude (about 28.5 °C for PPS-0° at 85MPa).
Thus, one can conclude that self-heating under fatigue test is sensitive
to the applied stress amplitude. While PPS-90° specimens develops
more obvious self-heating phenomenon than PPS-0° specimens, one can
also conclude to the inﬂuence of ﬁber orientation. Indeed, self-heating
is due to local deformation of the matrix which is favored when the
ﬁbers are miss-oriented.
Fig. 14 shows the inﬂuence of frequency (10 Hz and 50 Hz) on self-
heating. One can notice that applying a higher frequency (50 Hz) leads
to a very fast temperature increases. The maximum temperature
reached by a PPS-90° sample at 75MPa is about 37.5 °C at breaking
point where it does not exceed 27 °C for an applied frequency of 10 Hz.
The same tendency is observed for PPS-0.
Therefore, one can conclude that:
- The amplitudes and frequencies aﬀect obviously the self-heating
phenomenon of PPS/GF composite [37].
- However, contrary to most of thermoplastic matrix based composite
materials, the eﬀect of self-heating observed in the condition of the
performed experiments of this research work remains relatively
limited. Indeed, the maximum temperature rise does not exceed
38 °C. At this temperature the matrix (presenting the α-transition
temperature of 107 °C related to glass transition temperature) al-
ways remains at glassy state and its mechanical properties are not
signiﬁcantly inﬂuenced by temperature (see Fig. 5).
- Moreover, even if at room temperature, the composite is far from
the ductile to brittle transition temperature, the fracture of the
matrix remains almost brittle, especially because of the eﬀect of the
Fig. 11. Wöhler curves of PPS/GF composite performed on PPS-90° and PPS-0° specimens
under tensile-tensile fatigue loading at the frequency of 10 Hz and room temperature,
R=0.1.
Table 4
The values of A and B for PPS-0° and PPS-90° in each domain.
Samples A (MPa) B (MPa)
High stress
domain
Low stress
domain
High stress
domain
Low stress
domain
PPS-0° −12.0 - 6.7 125.7 108
PPS-90° −15.2 - 5.5 131 87.5
Fig. 12. The eﬀect of frequency on the fatigue test results performed on PPS-0° samples,
R= 0.1.
crystalline zones and the presence of the ﬁbers.
3.4.2.4. Relative Young's modulus. The relative Young's modulus is
generally identiﬁed to be an eﬃcient parameter to detect the
presence and evolution of damage during cyclic loading. It can also
be used in a stiﬀness-based fatigue failure criterion [38]. The relative
modulus is deﬁned as the modulus E at each stage of fatigue test divided
by the virgin material Young's modulus (i.e. without prior loading and
damaging history), E0. Fig. 15 shows the evolution of the relative
modulus under diﬀerent amplitudes at 10 Hz and 50 Hz. Fig. 15 (a)
gives a global view of the Young's modulus evolution for an applied
frequency of 10 Hz while Fig. 15(b) shows the same result for 50 Hz. For
both frequencies, one can note the relative stability of Young's modulus
which appears as a long plateau until failure, independently on the
applied amplitudes. No signiﬁcant loss of stiﬀness is observed: less than
1% at 10 Hz and less than 2% at 50 Hz. In regard to Figs. 5, 13 and 14,
this very smooth evolution can be attributed to self-heating. This result
is consistent with the conclusions drawn in paragraph concerning the
local mechanisms observed in the case of monotonic loading (i.e. no
damage development, local plasticity and semi-ductile failure).
3.4.2.5. Fracture surface analysis. In order to understand the inﬂuence
of ﬁber orientation, amplitude and frequency on the fatigue life
(Figs. 11 and 12), fracture surfaces have been investigated and the
SEM observation are shown in Fig. 16.
Several observations can be drawn:
- Fracture surface of specimens submitted to high amplitude ((a) and
(b)) show more rugged topography than those submitted to low
level of stresses. Indeed, a high level of local stresses may result in
sudden rupture and brittle failure of matrix around ﬁber clusters,
especially when ﬁbers are normally oriented to the principal stress
((b)).
- Under low applied stress amplitude, one can observe a semi-ductile
failure due to the progressive accumulation of local plastic strain
during cycling ((c) and (d)). Here again, normal orientation may
amplify this eﬀect ((d)).
- The application of higher frequency leads to more ﬂat and homo-
geneous topography, indicating a more generalized plasticity of the
continuous matrix leading to premature failure.
Here again, one can conclude semi-ductile or semi-brittle behavior
driven by the local plasticity of the PPS matrix. No progressive damage
is detected due to a very high strength of the ﬁber-matrix interface.
Indeed, similarly to the monotonic loading case, the ﬁbers are pulled
out after local failure of the surrounding matrix without visible ﬁber-
matrix interface debonding.
Fig. 13. Self-heating during fatigue tests (at 10 Hz), on PPS-90° (a) and PPS-0° (b) samples loaded under diﬀerent amplitudes.
Fig. 14. Self-heating during fatigue tests with diﬀerent frequencies, on PPS-90° and PPS-
0° samples.
Fig. 15. Relative Young's modulus evolution of PPS-0° samples under diﬀerent frequencies (a) 10 Hz, (b) 50 Hz.
4. Conclusion
In this paper, two kinds of PPS/GF samples (PPS-0°, PPS-90°) were
prepared by injection molding. A complete characterization has been
performed using several experimental methods. Microstructure, phy-
sico-chemical and mechanical properties have been explored including
fatigue behavior and the diﬀerent parameters aﬀecting fatigue life.
Finally, SEM fracture surface analysis provided a multi-scale inter-
pretation of the origin of deformation and failure.
The main results can be summarized as follows:
• PPS/GF composites obey the time-temperature equivalence prin-
ciple.
• Cole-Cole diagram has been successfully modeled by Perez model. It
was shown that this model gives a good estimation of the viscoe-
lastic properties of PPS/GF composites.
• Due to an excellent ﬁber-matrix adhesion, no progressive damage is
developed, independently on the applied loading type (monotonic
or fatigue).
• Even at high applied stress amplitude and high frequency, self-
heating phenomenon observed during fatigue is not suﬃciently
pronounced to impact fatigue life of PPS/GF composite.
• Both monotonic and cyclic behaviors are essentially driven by the
PPS matrix plastic deformation. However, at room temperature, the
ability of the PPS matrix to develop plastic deformation remains
limited.
• Consequently, ﬁnal failure and fatigue life is highly dependent on
the loading conditions (amplitude and frequency) and local micro-
structure.
- Bi-linear Whöler curves emphasized the inﬂuence of the loading
amplitude. More brittle failure was observed at high amplitude and
low frequency.
- Increasing frequency leads to lower fatigue life and more general-
ized plasticity.
- Fiber orientation in the loading direction improves both monotonic
and fatigue strength.
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